In the current status, we have successfully synthesized lead sulfide (PbS) thin films using a modified successive ionic layer absorption and reaction (SILAR) method. The synthesized film was characterized using UV-Vis-NIR spectrophotometer, X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM) techniques for optical, structural and morphological properties. Opto-structural study demonstrates that synthesized thin film has a pure crystal structure. The surface morphology study indicates a nanospherical surface morphology without pinhole on the substrate surfaces. Overall study clearly demonstrates that the synthesized PbS thin film by SILAR method have great potential for sensitization of oxide microstructure.
Introduction

Lead sulfide (PbS) belongs to the IV
A -VI A group of semiconductor materials. PbS is a black semiconductor with a band gap of 0.4 eV (at 300 K). It has great potential for fabrication of thin film solar cell due to its efficient light absorbing capacity from the visible to near infrared region of the solar spectrum, relatively long excitonic life time and the large excitation Bohr radius (18 nm), etc. Also, the band gap of PbS can be tuned from 0.41 eV to 2.3 eV by quantum size effect [1] [2] [3] [4] .
PbS thin films have potential utility in different applications, such as light emitting diodes, nonlinear optics, high speed switching, IR detectors, display devices, and solar cells. So far, both physical and chemical methods have been used to prepare PbS thin films. While, PbS thin films were synthesized by various methods, including vacuum evaporation, hot-wall epitaxy, molecular-beam epitaxy, pulsed laser deposition. These methods require sophisticated instrumentation and high cost, materials, etc. However, chemical methods mainly include spray pyrolysis, chemical bath deposition (CBD), successive ionic layer adsorption and reaction (SILAR), electrochemical deposition and hydrothermal method, etc [5] .
In the present investigation, our main aim is to synthesize nanocrystalline PbS thin film, especially for the sensitization to hierarchically nanostructured metal oxide thin films such as, zinc oxide (ZnO) or titanium oxide (TiO 2 ) in order to improve the overall conversion efficiency. So considering this, we have selected SILAR technique, because compared to other techniques used, SILAR is best suited for development of sensitized solar cells. As well as, among these thin film synthesis techniques, SILAR has many superior properties such as simple application, low cost, low temperature synthesis and can be used to deposit the materials on a variety of substrates such as insulators, semiconductors, and metals. Therefore, we have synthesized PbS thin film on a soda lime glass substrate by using SILAR technique. Furthermore, the synthesized PbS thin film was characterized by using different techniques such as, UV-Vis-NIR spectrophotometer, X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM) for optical, structural and morphological studies respectively.
Experimental details
All chemicals in the experiment were purchased from Sigma Aldrich and without further purification. Lead nitrate (Pb(NO 3 ) 2 , Sigma Aldrich), sodium sulfide (Na 2 S, Sigma Aldrich), methanol (CH 3 OH, Sigma Aldrich) were used for the synthesis of PbS thin film. In the PbS thin film synthesis, soda lime glass substrates were immersed in 0. The film thickness was measured by using a surface profilometer (AMBIOS XP-1). An optical absorption study was carried out by using UV-Vis-NIR spectrophotometer (Shimadzu, UV-1800). The crystal structure of thin film was analyzed from X-ray diffraction study (XRD, D/MAX, Uitima III, Rigako Japan). The surface morphology was recorded from field emission scanning electron microscopy (FESEM, Hitachi, S4700).
Results and discussions
Thickness of synthesized PbS thin film is 70 nm. The optical absorption spectrum of PbS thin film was recorded in the 400 -2000 nm wavelength range and absorption plot is shown in Fig. 1(a) . The optical absorption plot of the synthesized PbS thin film shows the linear nature of absorption. Fig. 1(b) shows a direct band energy plot and the PbS thin film shows 1.40 eV band gap energy value, which is in good accordance with other reported values in literature [6, 7] . The crystal structure of the synthesized thin film was confirmed by using XRD study.
The Fig. 2 shows XRD pattern. PbS thin film shows diffraction peaks for (111), (200) and (220) planes at 25.70, 29.94 and 42.79
• respectively for cubic crystal structure (JCPDS Card No. 78-1058). Figure 3 shows FESEM images of the PbS thin film deposited by SILAR method. The low resolution FESEM image indicates the formation of compactly arranged surface morphology with pinhole free nature ( Fig. 3(a) ). Further high resolution FESEM image of Fig. 3(b) clearly indicates that interconnected smaller nanospheres are grown on the substrate surface having an average grain size of about 30 -40 nm. 
Conclusions
In the present article, we have successfully synthesized a PbS thin film by using the modified SILAR method. The synthesized thin film shows directly allowed transition and a band gap energy of 1.40 eV. XRD pattern confirms the formation of cubic crystal structure. FESEM images demonstrated that interconnected smaller nanospheres are formed on the overall substrate surface with pinhole-free nature. The obtained results indicate that synthesized material is highly favorable for solar cell application. 
